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SYMBOLS 



£ acceleration due to gravity 

6 ness flowrate per unit area (vj/a) 

p pressure 

A ? soaentun pressure difference 

A pressure change with no boiling 

A P^pj two-phase frictional pressure drop 

q/A r heat flux per unit area 

r radius 

r. coefficient used in Mnrtlnelli-Selson correlation 

with units of cu ft/lb 

r p coefficient used in Martinelli-ltelson correlation 

with units of cu ft/lb 
R naxlnu* radius 

t velocity 

v/A mss flowrate per unit area (0) 

x qual ity 

s axial distance along tsst section 

(° density 

T* well shear stress 

T' wall shear stress during non-boiling rune 

o 
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I. IITCTiODUCflOl 



k, Th« feasibility of a boiling-water nuolear reactor hat 

increased tht need for quantitative Information on tht prtaturt 
drop associated vith forced convection boiling of water flowing 
in snail tubes or channels. Recently, Xsbin et al. (l) have 
surveyed the current literature on two-phase pressure drops. 

B, The basic problem associated with the application of 

theoretical analyses of two-phaee pressure drops to quantitative 
pressure-drop evaluations is the determination of the actual type 
of . flow occurring in end portion of the tube or channel. To 
illustrate what is involved, let us consider the following 
hypothetical easel 

Suppose we had a substance which was similar to water In 
the liquid state, but which had an Infinite specific volume in 
the gaseous state. Ibrther, suppose we were able to control our 
experiaent vith such precision that we were able to evaporate or 
bell an infinitely small mass of this substance to produce a 
finite volume of gas. Let us Investlgnts the change in the 
pressure drop which would occur In a tube In which this substancs 
was flowing while the boiling was taking place under steady-state 
conditions. Consider three extreme oases. 



1. If the gas were forced in infinitely snail bubbles which 
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were distributed uniformly throughout the liquid (foe flow), the 
effect on the flow would be Indistinguishable fro* that which 
would occur if tha specific relume of the liquid were increased, 

l.e. , the relocity of the flow would haws to increase in order to 
preserre continuity. This would result in an increase ia pressure 
drop in the tube for two reasons! first, there would he a momentum 
pressure drop which would be necessary to increase the flow 
momentum; second, there would bo an Increase in the frictional 
pressure drop due to the Increase in relocity (assuming the friction 
factor regained constant). 

2. If all the gas were formed at the centerline of the tube, 
and if we assumed that the gas could not support a shear street* the 
gas would Immediately accelerate to infinite relocity due to the 
existing pressure gradient in the tube. Continuity would dictate 
that the cross- sectional area of the gas flow would be zero. 
Consequently, the flow of the liquid would not be affected in any 
way by the formation of the gas, and, therefore, the proesure drop 
In the tube would be the same ae that which would occur without 
boiling. 

3. If all tha gas were formed at the tube wall* a film of 
gas which couldn't support a shear etreee would separate the 
liquid from the tube wall. The existing pressure gradient would 
accelerate the gae to infinite relocity and, therefore, sero cross- 
sectional area and, hence, sero thickness of gae film. Ae soon as 
the gae film was formed, the shear stress acting on the liquid 
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vould go to ssro, and, hence, the pressure gradient along the tube 
would go to tero. 

Although water does not hare the properties ©f the hypothetical 
fluid described above, Its specific volume does Increase by a 
factor of l 600 when It Is boiled at ataoepherlc pressure and Its 
viscosity decreases to one-tventieth of the viscosity of water. 

It can be seen, therefore, that, although water will not behave 
quantitatively the way the hypothetical fluid would, water will 
behave qualitatively in this Banner. It is no wonder then that 
the pressure drop associated with forced convection boiling is 
strongly dependent upon the geometric distribution of vapor and 
liquid in the tube. 

C, The purpose of this thesis is the determination of the 

type of flow, l.e. , the geometric distribution of vapor and liquid, 
which occurs in a horizontal, electrically heated (unifora q/A) 
tube as a function of the bulk quality of the steam and water 
mixture In the tube. The pressure in the tube is approximately 
atmospheric. 
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II. RESULTS 

7 row the bsabu resents conducted for this thesis, the follow- 
ing deductions here been mde concerning the type of flow geoset ry in 
a horizontal electrically heated tube of 0,lS-inch internal diameter 
through which water and status are flowing at atoo spheric pressure: 

A. V/A of 7. OS x 10^ lb/hr/eq ft 

q/A of 169,500 and 212,000 Btu/hr/sq ft 

Troa bulk quality of 0-2 per cent annular flow exists, i.e. , the 
core is vapor and the walls are liquid containing vapor bubbles. 

7ro« bulk 'uality 2-5 P* r cent the outer flow changes froo vapor 
bubbles in liquid to liquid droplets in vapor. 

7or bulk quality of 5 per cent and up the flow is a core of vapor 
and an annulus of droplets In vapor. 

I. V/A of 1.15^ x 10 6 lb/hr/tq ft 
q/A of 212,000 *tu/hr/sq ft 

Tros bulk quality 0-2.5 per cent the flow is a core of vapor and 
an annulus of liquid containing vapor bubbles. 

from bulk quality 2.5-3 P* r cent the outer flow changes fron 
vapor bubbles in liquid to liquid droplets in vapor. 

Tot bulk quality of 3 P«r cent and up the flow is a core of 
vapor and an annulus of droplets in vapor. 
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c. V/a ef 7.08 X lcf end 1.154 X 10 6 lb/hr/»q ft 
q/A of 84,800 Btu/hr/eq ft 
Mid 

V/A of 1.154 x 10 6 lb/hr/eq ft 
q/A of 1 69# 500 Btu/hr/eq ft 

Ho distinct sonet of flow could be distinguished. 
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III. DBSCBIPTIOH OF APPARATUS 

The test •action consisted of a horizontal «t inless steel 
(typo 30*0 tub#. 1/4- Inch outside diameter and 0.18»laeh inside 
diameter. The total length of the otainloot steel tube was 60 
lnchoo. Starting fro® the upstream end, the tube va* utilized at 
follow*: 

39 lnchee of unheated entrance eectloa 

1/4 Inch soldo red to copper bus bar 

3/4 lnchee between bus bar and first pressure tap 

18 Inches of pressure taps spaced one Inch opart. 19 pressure 

tape in all 

3/4 Inchon between last pressure tap and copper bus bar 
1/4 Inch soldered to copper bus bar 
1 Inch unhsatsd exit section 

The teet section exhausted to the atmosphere. The heated 
eectlon was considered to be 19-1/2 lnchee long and had a resistance 
of 0.0173 ob»«. 

Sach pressure tap consisted of a one-inch length of 1/4-inch 
outside diameter, 0.18-inch inside diameter copper tubing. The end 
of the copper pressure tap which Joined the stainless steel tube was 
pinched flat. Raah pressure tap was silver- soldered to the underside 
of the stainless stsel tube. The long dimension of the pinched 
copper tube end was parallel to the axis of the stainless steel tube. 
This meant that each pressure tap was in contact with the stainless 
stssl tube for an axial distance of 3/&"lnch. A l/32-lach hole was 
drilled through the wall of the stainless steel tube at each pressure 
tap. After drilling, the inside of the stainless steel tube was 
finished smoothly with emory cloth. In order to help cool the 
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stainless steel tube In way of the pressure tap* and alto to counter- 
aot the resulting non-symmetrlcal alaotrleal re slttanca of tha stain- 
lata steal tubing caused by tha addition of the copper pressure taps* 
tha bottom of tha heated portion of tha stainless steal tubing was 
filed flat to a minimum wall thickness of 0.020 Inches before tha 
pressure taps were Installed. 

r*e pressure taps were water-cooled to prevent boiling In- 
side of the taps. The cooling water tube consisted of a 1/2- Inch inside 
diameter plastic Tygon tube which was located under and parallel to the 
stainless steel tube (see photograph). Each pressure tap ran through 
the cooling-water tuba. Tha pressure tap holes In the cooling- water 
tube were punched on center distances of 1-l/S Inches so that after 
assembly tha cooling-water tube was under compression* The compression 
of tha plastic cooling- water tube was all that was required to prevent 
the cooling water fron leaking out along the pres sura taps. 

l/h-lnch Inside diameter plastic Tygon tubing Joined each 
pressure tap to the manometer board consisting of ?mm outside 
diameter Py re* glass tubing. The nineteen manometer tubes for the 
nineteen pressure taps were Joined individually at the bottom to 
the nineteen pressure tape and at the top to an air chamber 
which, la turn, was connected to a compressed-air supply. Inch 
manometer tube was inches long. 



Ordinary tan water was used as the water supply. The water 
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ca*ee directly fro-t the laboratory water main, passed through a 
flow-control globe valve, then through an orifice to be metered, 
then through a preheater to heat the water to approximately 
saturation temperature, and then through a filter to the test section. 

The preheatere consisted of two Chroaalox heaters, type 
KT 270» 2 1 #) volte, each 7,000 watte, manufactured by the Edwin L. 
blegand Company of Pittsburgh, Pennsylvania. 

The power to the preheaters was controlled by tvo Tariaes, 
type V-10, manufactured by the General Radio Company of Cambridge, 
Massachusetts. 

The test section was heated by direct current supplied by a 
motor-generator set. The motor was ^estlnghoute type CS serial 
10179* 227 volte, 3 phase, 1150 rpm, 65 amps, 60 cycles, manufactured 
for Westlnghouse by the L. J. land and Company of Hav York. The 
generator was General Electric Model 53 A 532 type CBM lo. 1*97572, 

15 volte, 15 1000 asps, 1200 ipm. 

The temperature of the water entering the heated section of 
the test section was measured by a chroiiel-constantan thermocouple 
located on the outside of the stainless steel tube, inches 
upstream of the heated test section. The thermocouple and that 
portion of the tube in the vicinity of the thermocouple were insulat- 
ed thermally with glass wool. The thermocouple temperature was used 
directly with no corrections applied for heat losses. 
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IY. W3SBIHKHTAL TECHS IQJJX 

During adiabatic runs, the flow of water through the test 
•action va* stable and all of the pressure-tap stop valve* could 
be opened to allow simultaneous reading of all of the manometers. 
During non-adiabatlc runs, however, the system was not stable. The 
Instability was caused by the fact that the rate of flow of water 
into or out of the nanometers during snail pressure fluctuations 
was of the tame order of magnitude as the rate of flow of the 
Miter through the test seo' Ion. for Instance, if, while boiling 
was taking place in the test soot ion, the pressure In the test 
section dropped e small amount, say 1 /? inch of water, the water level 
In the saaoaetere would drop 1/2 inch. The drop In water level 
would be caused by wuter flowing Into the test section through the 
pressure ta s. This water, being cold, would partially Quench the 
boiling, which effect. In turn, would cause the pressure In the 
teet section to decrease further, and so on. In this way, ,an Initial 
l/2-icch drop la level of the water In the nanometers could cause an 
additional drop In water level of from one to four feet. 

A rite in water level In the nanometers caused the reverse 
action. As the water flowed out of the tost section through the 
pressure tape, the flow of water In the teat section would decrease, 
the quality vosld rise causing a rise in pressure, and so on. This 
action was not as violent as the quenching process, however, end 
during operation an attempt was made to adjust the pressure of the 
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air In the chanber a D ot* the nanometers so that when a csanoeetsr 
stop valve was opened, the water level would rlee In the nanometer 
tube. 

During boiling rune, only tvo aanoneter atop valves could 
be open simultaneously, and oven then It was difficult to prevent 
violent oscillation of the pressure, due to the Instability action 
at etated above. In fact, Initially, it was planned to use four 
water flowrates through the test section; 76, 125, 20^ and 320 pounds 
per hour. However, at flowrates 76 and 320 pounds per hour, the flow 
was so unstable even with only two pressure tape In use simultaneously, 
that It was not possible to take readings at these flows. 

During boiling runs, the pressures in two adjacont taps 
were read simultaneously to obtain a difference In pressure between 
successive taps. Then the pressure differences were totalled to ob- 
tain tba curve of pressure versus pressure tap. 
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T. MPS3UK5HTAL DATA 

Two flowrate* and three power level* were u**d to give elx 
Do i line run* end two adiabatic run*. Soall letter* "a" and "b” are 
used for the flowrate* and number* 0 , 2 , 4 and 5 Are used for the 
power level*. 



i Ignat Ion 


Inlet Vater Te«p. 


Power Level 


Flowrate 




°y 


KV 


Ib/hr 


0a 


204 


0 


l?5 


2a 


poH 


2 


125 


4a 


204 


4 


125 


5* 


204 


5 


1?5 


Ob 


205 


0 


204 


2b 


205 


2 


204 


4b 


205 


4 


204 


5b 


205 


5 


204 



See Figures 1 and 2 
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Pressure t* ? Direction of FLoW 




ftp 

19 

18 

17 

l6 

15 

14 

13 

IP 

11 

10 

9 

8 

7 

6 

5 

4 
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SUB ?a 






Qftttf* 

"H 2 o 


Gso£t 

Praaa. 

pal 


Aba. 

Preaa. 

pal* 


Sathalny 

Btu/lb 


Quality 

p.e. 


11.6 


0.42 


15.12 


221.90 


4.16 


17.0 


0.6l 


15.31 


219.24 


3.#4 


23.? 


0.84 


15.54 


216.58 


3.48 


26.7 


0.96 


15.66 


213.92 


3.17 


31.5 


1.14 


15.84 


211.26 


2.83 


35.05 


1.26 


15.96 


208.60 


2.51 


38.60 


1.39 


16.09 


205.94 


2.20 


42.35 


1.53 


16.23 


203.28 


1.878 


44.4o 


1.60 


16.30 


200.62 


1.57« 


46.45 


1.68 


16.38 


197.96 


1.280 


48.25 


1.74 


16.44 


195.30 


0.984 


49.90 


1.80 


16.55 


192.64 


0.688 


50.90 


1.84 


16.^ 


189.98 


0.400 


51.4 


1.86 


16.56 


187.32 


0.118 


51.9 


1.87 


16.57 


184.66 




52.3 


1.89 


16.59 


182.00 




52.6 


1.90 


16 .60 


1 79.34 




52.9 


1.91 


16.61 


176.68 




53.2 


1.92 


16.62 


174.02 
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SftOfa 

Prat#. 

*H 0 

2 


Oaugt 

Pratt. 

P*1 


Abt. 

Pratt, 

ptla 


57.17 


2.06 


16.76 


82.95 


3.00 


17.70 


103. 4o 


3* ?4 


18.44 


117.45 


4.24 


18.94 


129.30 


4.66 


19.36 


139.75 


5.04 


19.74 


lUg.OO 


5.34 


20.04 


156.15 


5.64 


20.34 


162.85 


5.87 


20.5? 


169.20 


6.11 


20.81 


176.25 


6,36 


21.06 


182.50 


6.58 


21.28 


185.70 


6.70 


21.40 


188. 4o 


6.80 


21.50 


190.40 


6.87 


21.57 


191.20 


6.90 


21.60 


191.30 


6.90 


21. 60 


191.60 


6.91 


21.61 


191.90 


6.92 


21.62 



Zathapljr 


quality 


Btu/lb 


p.c. 



271.77 


8.78 


266.45 


7.96 


261.13 


7.20 


255.81 


6,50 


250.49 


5.84 


245.17 


5.18 


239.85 


4.54 


234.53 


3.91 


229. a 


3.29 


22 3.89 


2.67 


218.57 


2.05 


213.25 


1.437 


207.93 


0.848 


202.61 


0.266 


197.29 




191.97 




186. 65 




181.33 




176.01 





Tap 

19 

18 

17 

16 

15 

14 
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6 

5 

u 
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2 
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KUN 5ft 



Gau*e 

"*2° 


OftU£ft 

Press. 

P«i 


Abe. 

Press 

psia 


*9.7 


3.24 


17.9* 


129.0 


4.65 


19.35 


157.2 


5.68 


20.38 


177.0 


6.39 


21.09 


192.15 


6.94 


21.64 


208.10 


7.51 


22.21 


218.25 


7.88 


22.58 


229.00 


8.26 


22.96 


237.30 


8.56 


23.26 


243.60 


8.79 


23.49 


252.0 


9.10 


23.80 


259.6 


9.36 


24.06 


264.05 


9.5* 


24.24 


265. *5 


9.59 


24.29 


268.25 


9.70 


24.40 


268.45 


9.70 


P4.4o 


268.65 


9.70 


24. 4o 


268.85 


9.70 


24.40 


269.05 


9.70 


24.40 



Enthalpy 


Quality 


Btu/lb 


p.c. 



296.72 


11.05 


290.07 


9.95 


283.42 


9.00 


276.77 


8.11 


270.12 


7.28 


263.47 


6.45 


25 6.82 


5.65 


250.17 


4.86 


243.5? 


4.10 


236.87 


3.35 


230.22 


2.58 


223.57 


1.813 


216.92 


1.075 


210.27 


0.364 


203.62 




196.97 




190.32 




183.67 




177.02 
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RUN 2b 



<#au£« 

Pmt. 

"8?° 


Gnug* 

Fre«*. 

p*i 


Abs. 

ptik 


28.05 


1.01 


15.71 


39.45 


1.42 


16.12 


45. 60 


1.65 


16.35 


49.95 


1.80 


16.50 


54.35 


1.96 


16.66 


57.55 


2.08 


16.78 


60.05 


2.18 


16.88 


61.95 


2.24 


16.94 


63.05 


2.28 


16.98 


63.65 


2.30 


17.00 


64.20 


2.32 


17.02 


64.70 


2.34 


17.04 


65.40 


2.36 


17.06 


65.90 


2.38 


17.08 


66.4o 


2.4o 


17.10 


66.90 


2.41 


17.11 


67. 4o 


2.43 


17.13 


68.10 


2.46 


17.16 


68.60 


2.48 


17.18 



Enthalpy 


Quality 


Btu/lb 


p.c. 



203.58 


2.08 


201.95 


1.771 


200.32 


1.541 


198.69 


1.316 


197.06 


1.092 


195.43 


0.887 


193. ®) 


0.686 


192.17 


0.497 


190.54 


0.315 


188. 91 


o.i4o 


187.28 




185.65 




184.02 




182.39 




180.76 




179.13 




177.50 




175.87 




174.24 
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EUX 4% 



Gauge 

Praaa. 

*V> 


Gang# 

Praaa. 

pal 


Aba. 

Praaa, 
pa la 


6i.o 


2.20 


16.90 


87.8 


3.17 


17.87 


107.2 


3.87 


18.57 


122.2 


4.4l 


19.11 


134.2 


4.85 


19.55 


145.4 


5.25 


19.95 


153.2 


5.53 


20.23 


158. 1 


5.71 


20.41 


162.7 


5.87 


20.57 


165.2 


5.96 


20.66 


167.7 


6.05 


20.75 


169.9 


6.12 


20.82 


171.3 


6.18 


20.88 


173.5 


6.25 


20.95 


175.0 


6.31 


a. 01 


176.5 


6.36 


21.06 


177.4 


6.4o 


21.10 


178.4 


6.44 


21. 14 


179.0 


6.46 


21. 16 



Enthalpy 


vitality 


Btu/lb 


p.c. 



234.14 


4.85 


230.88 


4.23 


227.62 


3.68 


224.36 


3.19 


221.10 


2.72 


217.84 


2.2 7 


214.58 


1.859 


211.32 


1.468 


208.06 


1.085 


204.80 


0.720 


201.54 


0.356 


198.28 




195.02 




191.76 




188.50 




185.24 




181.98 




178.72 




175.46 





lap 

19 

15 

17 

l6 

15 

l4 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 
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301 5b 



• 

Iss** 

O * 


Gauge 

Pmi. 

pel 


Aba. 

Prats. 

paia 


Snthalpj 

atu/lb 


duality 

p.c. 


89 . 6o 


3.24 


17.94 


249.34 


6.12 


127.6o 


4.6o 


19.30 


245.27 


5.31 


152.00 


5.48 


20.18 


241.20 


4.65 


168.55 


6.08 


20.78 


237.13 


4.o6 


152.50 


6.59 


21.29 


233.06 


3.50 


195.25 


7.05 


a. 75 


228.99 


2.96 


204.95 


7.40 


22.10 


224.92 


2.44 


210.95 


7.59 


22.29 


220.85 


1.97 


216.00 


7.«0 


22.50 


216.78 


1.490 


220.05 


7.94 


22.64 


212.71 


1.028 


222.25 


8.02 


22.72 


208.64 


0.580 


22U.40 


8.10 


22.80 


204.57 


0.134 


225.40 


8.14 


22.84 


200.50 




226.20 


8.16 


22.8 6 


196.43 




226.80 


8.19 


22.89 


192.36 

188.29 




228.20 


8.24 


22.94 


184.22 

180.15 




229.30 


8.27 


22.97 


176.08 
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▼I. ABAMTSIS or EXFSRlMJHm DATA 

It is assumed that q/A In the test section it uniform for 
each power level. ihe values of q/A vere estimated by subtracting 
the heat-loss rate by conduction, convection and radiation on the 
outside of the tube fro* the power level to obtain the rate of heat 
transfer within the tube. 

The combined effects of natural air convection and radiation 
vers calculated to be lest than 1 per cent (b). The effect of conduc- 
tion through the vater»cooled pressure taps could not be calculated, 
ssecially since the pressure taps perturbete the flow of electricity 
through the stainless steel tube and, hence, the heat-release rate 
In the stainless steel is not uniform. 

An estimate of the heat loss vas mad* in the following 

manner: 

Volume of the stainless steel in the test section is 

- — 4 , -U 

«?.o6 x 10 cu ft. Contact area of each pressure tap is J.b x 10 

sq ft. Thickness of stainless steel at pressure tap Is 1.67 x 10” 
ft. Hence, volume of steel adjacent to each pressure tap is 
5.67 * 10”^ cu ft. Therefore, the ratio of tie volume of steel 
adjacent to all of the pressure tape to the total volume of the 
steel Is 0.0*105. 

It is assumed, therefore, that b par cent of the power Input 
is lost to ths pressure-tap cooling water. Add one pe r cent for convec- 
tion and radiation. Then, the total lose ie 5 P«r cent of the power input. 
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Thlt in format Ion allow* computation of value* of q/A. The 
intide area of th* t**t section 1* 0.0765 eq ft. 



Power hovel 


Power Level 


Jfet Power Level 


q/A 


KW 


Btu/hr 


Btu/hr 


Btu/hr/ *q ft 


2 


6826 


6490 


84,800 


4 

5 


13652 

17065 


II 

r-4 M 


169,500 

212,000 



Tfceso data allow us to compute the bulk quality at each 
pre* wire tap. See life u re* 1 and 2 . 

Figure 20.23, p. 425 of ref. (£) va» used to calculate the 
pressure drop for the non-boiling runs. 



The Kartinelli, Kelson not hod ( jO was used to predict the 
pressure drop for the boiling runs. 



Sun 


Avg. 

Pres*. 


Brit 4P 
Quality 0 


4P 

TPF 
ra 




ptia 


(p.c.) 


"BLO 


0 








C 


#1_0 

2 


2a 


16 


4.16 


3.86 


14 


4a 


19 


8.7* 


3.7* 


27 


5a 


21 


11.05 


3.77 


31 


2b 


16 


2.08 


6.55 


6.< 


4b 


19 


4.85 


7.13 


14 


5b 


20 


4.95 


5.91 


17 






It can be teen that 



P TPF r ? A “a 


r l 


4? 

a 


( separate 




( fO£ ) 




flow) 




V 


54.1 0.12 


27.7 


1.084 


250 


102.1 0.29 


67 


2.078 


479 


116.8 0.37 


85.4 


2.458 


567 


42.6 0.06 


36.8 


0.524 


321 


100 0.13 


79.7 


1.139 


698 


100.5 0.18 


110.5 


1.360 


835 



for fog flow is each too high. 



Therefore, ve can assume that the flow is a long way fro» being 
fog flow. Bence, 4?^ for separate flow is used to calculate the 
total pressure drop. 



3 /. 
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ran 



Calculatad Pro* sure Drop 

"V 



Measured Pressure Drop 
-H p 0 



Oa 


5.3^ 


2* 


SI. 8 


u« 


169.1 


5ft 


202.2 


Ob 


12.3S 


2b 


79. ^ 


Ub 


179.7 


5b 


211.0 



5.9 

Uo 

132.5 

17S 

i ?.6 

36.1 
io«. s 
135 



Sot*, that, for boiling rune, the calculated pressure drot> 
it higher then the measured pressure drop (tee Figure 3). 



Ap-cllcation of the conservation of momentum equation to the 
test section yield* the following differential equation: 




The first term on the right of the * uality sign is the 
contribution of the wall shear stress to the rate of pressure drop. 
The second term is the contribution of the change of momentum to the 
rate of pressure drop. 



Let us assume that the flow is such that the liquid and 
vnnor are completely separated. Then wo can substitute the 
empirical relationship of Hartinelll end Kelson for the momentum 
tern. Then the equation becomes: 



btf 9 21 ~ 0 ° ^ 2 

- T“ 4 TT 




IT* gf ^ [? 

^ b * R + g b“x 

is obtained from Figure U which is plotted from data of ( 3) . 
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If there were no momentum change (no boiling), the equation 



would be com t 

• ( ? -£ ) 

> t * 




Values of T/'T' v® 1 *® computed for the six rune end ere plotted 
versus x in Figure *>. 

The negative values of 'T'j T". et tero quality are caused by 
the feet that boiling occurs while the bulk quality Is still negative 
end, hence, there Is additional momentum in the stream at tero quality 
which gives an apparent negative shear stress. 

The significant feature about the plot le that for runs 4a, 

5a and 54 the curves contain a portion of reverse curvature in the 
vicinity of 3 per cent quality. One would expect the wall shear stress 
to increase regularly as the quality increases, since the velocity and, 
hence, the velocity gradients are increasing. Since the shear stress 
seems to level off at about 3 per cent quality, one mst assume that 
ths viscosity of the fluid adjacent to the wall is decreasing rapidly 
at that point. Thie would be the case if the region near the wall 
vers changing from liquid containing vapor bubbles to vapor containing 
liquid droplets. This assumption seems reasonable and le the one 
which is prssented as the result of this thesis. 



3 s. 




36 



ED* 2a 



Quality 

p.c. 


d t> 

" 57 

ft 


dx 

ds 

*#■ 


Hi 

dx 

p.c.fS 


r 


0 


16.7 


3.6o 


0.0170 


-2.74 


1 


99.7 


3.6o 


0.0215 


0.64 


2 


161 


3.6o 


0.0260 


3. *6 


3 


262 


3.6* 


0.0305 


6.1 


4 


3^3 


4.08 


0.0350 


8.6 
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Quality 

p.c. 



0 

1 

2 

3 

4 

5 

6 

7 

8 



HOK 4« 



dr* 


dx 


dr 2 


” d* 


d* 


dT 


Eil 


t>.e. 


ft^ 


ft 


ft 


p.o.lb 


96.6 


7.32 


0.0170 


249 


7.44 


0.0215 


380 


7.44 


0.0260 


436 


7.44 


0.0305 


480 


7.44 


0.0350 


549 


7.68 


0.0395 


660 


7.92 


0.0440 


947 


8.52 


0.0485 


1498 


9.25 


0.0530 



r 



-2.71 

2.92 

7.59 

8.4l 

8.61 

10.05 
13.73 
26.4 

52.6 



V* ' 

0 

1 

2 

3 

u 

5 

6 

7 

8 

9 

10 

u 



3 « 





mw 5m 


4p 


Ax 


" d* 


i: 


£i£ 


p« c - 


ft 


ft 


99.7 


8.5? 




8.64 


381 


8.76 


**55 


8.88 


52k 


9.00 


586 


9.24 


699 


9.48 


86o 


9.72 


1085 


9.96 


1480 


10.3 


2060 


12.0 


2870 


14.4 



“ 

ft^ 


*0 


p.c.lb 




0.0170 


-3.86 


0.0215 


1.4 


0.0260 


5.5 


0.0305 


6.7 


0.0350 


7.6 


0.0395 


7.7 


0.0440 


10.1 


0.0485 


15.3 


0.0530 


23.4 


0.0575 


39.9 


0.0620 


60.6 


O.O665 


89.4 
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RUl 2D 



4 iallty 

p.c. 


ds 


Ax 

At 


ff2 

dx 


'T 

n 




Hf 


n »c* 


ft 5 






ft 


p.c. lb 




0 


37 .U 


2.l6 


0.0170 


- 1.87 


1 


199.5 


2.lK> 


o.oa? 


0.82 


2 


786 


3.60 


0.0260 


ll.Ug 



*40 



JOT Ub 



3*alit7 

p.c. 


-fe 

2|£ 


d» 

d« 

*#■ 


4r ? 

sr 

, « 3 


•r 




ft 


p.c. lb 




0 


106 


4.32 


0.0170 


-3.08 


1 


23T 


4.56 


0.0215 


-1.83 


2 


*>55 


4.80 


0.0260 


1.37 


3 


786 


5.16 


0.0305 


6.85 


4 


l?6o 


6.72 


0.0350 


12.25 
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Km 5Tb 



Quality 

p.c. 


*S5 

* 


dx 

dt 

P« c» 

“IT 


dr 2 

dT 

p.o.iS 


r 

n 


0 


87.3 


5.16 


0.0170 


-4.69 


1 


193.2 


5.**0 


0.0215 


-4.30 


2 


355 


5.88 


0.0260 


-3.24 


3 


SsS 


6.24 


0.0305 


1.92 


4 


sue 


6.72 


0.0350 


4.82 


5 


1485 


8.16 


0.0395 


11.1 


6 


2620 


9.60 


0.0440 
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▼II. KKCO*'.* UIJATIOKS PCS* JUHTIISH IliTESTIGATIOI 



*t is recommended that the manometers used vlth thle equip* 
neat bs modified eo that the system can be ends more, stable. Thle can 
be accomplished easily by discarding the present arrangement of a 
separate manometer for each pressure tap. Instead, a U-tuhe nanometer 
should be used with a suitable liquid of specific gravity of 2 or 3 
in the bottom of the U end the pressure taps connected to the top of 
the U. In this way, whenever there le a pressure change, one pressure 
tap will introduce Into the test section as much water as the other 
pressure tap is withdrawing, furthermore, only changes in the dif- 
ference in pressure between the two pressure taps in use will cause a 
flow in the manometer vlth the proposed U-tuba, whereas, vlth the 
present system, both manometers rise and fall together with every 
fluctuation of the system pressure. 

The use of plastic tubing to connect the pressure taps 
and manometers should be replaced by glass and metal tubing since 
the plastic tubing expands under pressure and contributes to the in- 
stability of the system. 

A suitable manifold arrangement should be used to change 
the manometer from om pressure tap to another. A source of outside 
hydrostatic pressure should be attached to this manifold so that the 
expected pressure difference can be set in the manometer before the 
manometer is connected across the pressure taps. 
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with this re. non* ter raodlfi cation, ono should be able to 
▼nry the flovratee and powar 1 orels over a vldar rani:# so that a 
■ore conprohanslTa collection of data can be obtained. 
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